Abstract Lambert-Eaton myasthenic syndrome (LEMS) is an autoimmune disease that disrupts the normally reliable neurotransmission at the neuromuscular junction (NMJ). This disruption is thought to result from an autoantibody-mediated removal of a subset of the P/Q-type Ca 2+ channels involved with neurotransmitter release. With less neurotransmitter release at the NMJ, LEMS patients experience debilitating muscle weakness. The underlying cause of LEMS in slightly more than half of all patients is small cell lung cancer, and cancer therapy is the priority for these patients. In the remaining cases, the cause of LEMS is unknown, and these patients often rely on symptomatic treatment options, as there is no cure. However, current symptomatic treatment options, such as 3,4-diaminopyridine (3,4-DAP), can have significant doselimiting side effects; thus, additional treatment approaches would benefit LEMS patients. Recent studies introduced a novel Ca 2+ channel agonist (GV-58) as a potential therapeutic alternative for LEMS. Additionally, this work has shown that GV-58 and 3,4-DAP interact in a supra-additive manner to completely restore the magnitude of neurotransmitter release at the NMJs of a LEMS mouse model. In this review, we discuss synaptic mechanisms for reliability at the NMJ and how these mechanisms are disrupted in LEMS. We then discuss the current treatment options for LEMS patients, while also considering recent work demonstrating the therapeutic potential of GV-58 alone and in combination with 3,4-DAP.
Introduction
The neuromuscular junction (NMJ) is a strong, reliable synapse that consistently brings the postsynaptic muscle fiber to threshold. The large presynaptic terminal of the NMJ contains hundreds of individual neurotransmitter release sites, or active zones, where synaptic vesicle docking and fusion occur to mediate the release of neurotransmitter [1] . The reliability of the NMJ is due to the large safety margin for neurotransmitter release, meaning that an excess of neurotransmitter-containing vesicles fuses in response to each presynaptic action potential [2] . This excess neurotransmitter release ensures that the postsynaptic muscle cell is depolarized beyond what is required to reach threshold and initiate muscle contraction, even during periods of high-frequency activity.
Although the NMJ is a reliable synapse, a number of disorders are associated with a disruption in the normally dependable communication at this synapse. One such disorder is Lambert-Eaton myasthenic syndrome (LEMS), an autoimmune disease characterized by a loss of a fraction of the presynaptic P/Q-type Ca 2+ channels at the NMJ [3] [4] [5] . These presynaptic P/Q-type Ca 2+ channels normally open in response to presynaptic action potential activity and allow the influx of Ca 2+ ions that trigger synaptic vesicle fusion and neurotransmitter release. The LEMS-induced reduction in the number of presynaptic P/Q-type Ca 2+ channels causes a decrease in the amount of action potential-evoked neurotransmitter release at the NMJ. Reduced neurotransmitter release leads to less effective initiation of muscle contraction, and as a result, patients with LEMS experience debilitating muscle weakness [6] . There is no cure for LEMS, but multiple symptomatic treatment approaches have been tested, and some are currently in clinical use [7, 8] . In this review, we will discuss the various properties of the NMJ leading to its reliability and how the alteration of these properties in LEMS leads to the observed pathology. We will also discuss the currently available treatment options for LEMS and then consider novel treatment approaches that have been proposed recently for LEMS and other disorders of the NMJ.
The NMJ as a Reliable Synapse
The NMJ is a large model synapse that has been studied extensively for decades, especially with respect to presynaptic properties of neurotransmitter release [9] . This synapse has been especially valuable for studying the properties of neurotransmitter release for several reasons: It is a peripheral synapse that is easily accessible, it is a very large synapse that is amenable to experimental study, and since there is only one presynaptic terminal per postsynaptic muscle fiber, it has been relatively easy to interpret experimental results. As previously mentioned, one of the hallmarks of the NMJ is its strength and reliability. This synapse releases more chemical neurotransmitter than is required to bring the postsynaptic muscle cell to threshold (it is strong), and it can do this repeatedly (it is reliable) during short periods of high-frequency activity (bursts of 5-10 action potentials at 50-100 Hz in "fast" muscles [10] ). Although the NMJ has been the focus of numerous studies of neurotransmitter release, the exact mechanisms by which the NMJ achieves strength and reliability are not completely understood.
The mammalian NMJ is composed of hundreds of small, spatially isolated neurotransmitter release sites, or active zones (Fig. 1a, b) . Within each active zone, there is a single row of ∼2-3 docked synaptic vesicles between two double rows of intramembranous particles [11] , a portion of which are thought to be the P/Q-type Ca 2+ channels required for neurotransmitter release. The estimated length of each punctate active zone is between ∼80 nm (determined by measurements of the double row of intramembranous particles observed in electron microscopy [11, 12] ) and ∼250 nm (determined by confocal imaging of the active zone protein bassoon [13] ). The larger measurement made with confocal imaging of bassoon immunoreactivity may simply be at the limit of light microscopy resolution, or this larger measurement may reflect the possibility that the bassoon proteins in the active zone encompass a larger area as compared to the space occupied by the intramembranous particles of the active zone. Each small active zone is separated from each of its neighboring active zones by approximately 500 nm [13] . At the mouse NMJ, there are ∼850 active zones per NMJ (Fig. 1a) [13, 14] , but despite the large number of active zones, only ∼100 vesicles are released with each action potential stimulus [15] . This means that the average probability of release per active zone is only ∼0.12 and the average probability of release per vesicle (assuming two vesicles per active zone) is only ∼0.06. Therefore, each individual vesicle has a very low probability of release during any one action potential, but since there are thousands of vesicles ready to be released in each NMJ, the total number of vesicles released per action potential is easily sufficient to bring the postsynaptic muscle cell to threshold. Furthermore, the low probability of release for any one vesicle means that significant depression will not occur during brief periods of high-frequency activity. Therefore, we view the NMJ as a strong and reliable synapse constructed of thousands of unreliable single-vesicle release sites [16, 17] , with each of these unreliable single-vesicle release sites being composed of a single vesicle docked at the active zone and a small number of closely associated Ca 2+ channels. The specific mechanisms that contribute to a low average probability of release per vesicle at the mammalian NMJ are unclear, but some possibilities can be hypothesized based upon studies performed using other synaptic preparations. In the frog NMJ, for example, fast Ca 2+ imaging studies suggest that a low probability of release per single vesicle arises from both a low probability of opening for any one Ca 2+ channel during an action potential and a low probability that a vesicle will be released even when a nearby Ca
2+ channel does open [18] . Additionally, this work suggests that there are relatively few Ca 2+ channels per active zone, with an average of ∼1 Ca 2+ channel per vesicle [18] . Therefore, at the frog NMJ, any individual vesicle would rarely be exposed to the Ca 2+ ion flux from a nearby open Ca 2+ channel, and vesicle fusion would rarely occur even in the event that a nearby channel did open. Considering that the mouse and frog NMJs are similar with respect to their rigid active zone organization, the mouse NMJ may have properties similar to those observed in the frog NMJ.
LEMS Effects on the NMJ
LEMS is an autoimmune disease that attacks the neuromuscular active zone. The incidence of LEMS is estimated to be only about 0.48 per million [19] , making LEMS a relatively rare disease. Despite its rarity, LEMS is well known as a classic paraneoplastic disorder. About 50-60 % of LEMS cases are paraneoplastic, most commonly observed in older individuals who have been long-term cigarette smokers and have developed a small cell lung cancer tumor [20] . The remaining LEMS patients tend to be younger, do not have a history of smoking, and do not have an underlying tumor. In these patients, the cause of LEMS is unknown [21] . LEMS patients most commonly experience debilitating muscle weakness but can also suffer from autonomic symptoms and reduced tendon reflexes [22] . In both tumor-associated LEMS and the idiopathic form of LEMS, the clinical symptoms are generally attributed to an autoantibody-mediated reduction in the number of P/Q-type voltage-gated Ca 2+ channels at the presynaptic terminal of the NMJ [4, 23] . In the case of tumorassociated LEMS, P/Q-type Ca 2+ channels are expressed by the small cell lung cancer cells, and antibodies to P/Q-type Ca 2+ channels are produced as part of the patient's immune response to the tumor [24] . The reduction in the number of presynaptic P/Q-type Ca 2+ channels leads to a reduction in the Ca 2+ influx that occurs in response to a presynaptic action potential. With decreased presynaptic Ca 2+ influx, the probability of synaptic vesicle fusion is also lowered, resulting in less neurotransmitter (acetylcholine) release per presynaptic action potential (Fig. 1c) . Because less neurotransmitter is released per action potential, each presynaptic action potential is less likely to trigger a postsynaptic muscle contraction. The NMJ may attempt to compensate for the loss of P/Q-type Ca 2+ channels in LEMS in part by upregulating the expression of other Ca 2+ channel subtypes [25, 26] , but this compensation is not sufficient to restore normal levels of neurotransmitter release [27] . The upregulation of other Ca 2+ channel subunits may be insufficient because there are simply fewer Ca 2+ channels per active zone relative to healthy conditions. Another possibility is that the other Ca 2+ channel subtypes may not be located in the same positions relative to docked synaptic vesicles as the P/Q-type Ca 2+ channels in healthy active zones [28] . If the Ca 2+ channels are located farther away from docked synaptic vesicles, then they will not be able to contribute the same levels of Ca 2+ ions that are normally required to trigger the release of a synaptic vesicle. In addition to causing less neurotransmitter release due to a reduced Ca 2+ influx, disruptions in the overall structure of the presynaptic release site caused by Ca 2+ channel removal may also contribute to the reduction in neurotransmitter release. Freezefracture electron microscopy has shown a disruption in the structure of individual active zones in LEMS model mouse NMJs [12] . Furthermore, previous studies have demonstrated that the interaction between presynaptic Ca 2+ channels and laminin β2 is critical for the maintenance of active zone organization [29, 30] . Since the structural organization of active zones is important to synapse function [31] [32] [33] [34] , it seems plausible that disruption of active zone organization due to autoimmune attack of active zone proteins could be partly responsible for the deficits in neurotransmitter release in LEMS.
Although antibodies to P/Q-type Ca 2+ channels are present in most LEMS patients and are generally considered responsible for the symptoms of LEMS, antibodies to other critical proteins involved in neurotransmitter release have also been detected in LEMS patients. These include antibodies to other Ca 2+ channel subtypes, such as N-type and L-type channels [5, 23, 35, 36] . Antibodies to these other Ca 2+ channel subtypes could contribute to the autonomic symptoms observed in some LEMS patients [37] . In addition, other presynaptic proteins can also be targeted by LEMS antibodies, including synaptotagmin and M1 muscarinic acetylcholine receptors [38] . Synaptotagmin is considered to be the Ca 2+ sensor for fast, synchronous neurotransmitter release at most synapses [39] . M1 muscarinic acetylcholine receptors are located on the presynaptic terminal of the NMJ and have been shown to be involved in the modulation of neurotransmitter release [40] . Interestingly, some LEMS patients are seronegative for P/Qtype Ca 2+ channel antibodies. Despite not having a detectable level of P/Q-type Ca 2+ channel antibodies, these seronegative patients have a similar clinical presentation as seropositive LEMS patients [26, 41] . The symptoms in seronegative LEMS patients may be caused by antibodies to other presynaptic proteins such as synaptotagmin or M1 muscarinic receptors. Another possibility is that these patients may have P/Qtype Ca 2+ channel antibodies at levels below what is detectable with diagnostic assays.
LEMS is diagnosed using a combination of clinical symptoms, electrophysiological measurements, and tests to determine antibody levels [22] . The most prominent symptom in LEMS patients is muscle weakness of the proximal limbs, although the weakness does eventually progress distally [22] . LEMS patients also commonly report symptoms associated with autonomic dysfunction, which can include dry mouth, erectile dysfunction in men, and constipation [22, 42] . It is also common for LEMS patients to present with reduced tendon reflexes [6, 22] . In terms of electrophysiological measurements to diagnose LEMS, repetitive nerve stimulation (RNS) is often used [43] . The results of the RNS test in LEMS patients show a decrease in the compound muscle action potential (CMAP) amplitude during low-frequency stimulation (2-5 Hz) and an increase in CMAP amplitude during postexercise stimulation or during high-frequency stimulation [44] . Lastly, antibody panels to test for the presence of antibodies to Ca 2+ channels can be used in the diagnosis of LEMS [22] .
Treatment Options for LEMS
There is no cure for LEMS and few treatment options are available to alleviate the symptoms. If LEMS is present along with small cell lung cancer, then cancer therapy is the priority. In LEMS patients with an associated tumor, successful treatment of the tumor also alleviates the symptoms of LEMS [45, 46] . The simultaneous alleviation of LEMS is presumably due to the fact that the removal/reduction of the tumor has removed the underlying cause of LEMS in these patients. If LEMS presents without an associated tumor or if LEMS symptoms are not alleviated during or following cancer treatment, then treatment can include drugs that alleviate the symptoms associated with LEMS and/or immunomodulatory therapies. As discussed below, immunosuppression may only be recommended for those patients in whom symptomatic treatment is not effective [47] .
DAP as a Symptomatic Treatment Option
Symptomatic treatment strategies that increase neurotransmitter release have emerged as the primary therapeutic approach [7, 8, [47] [48] [49] . The most common symptomatic treatment option is 3,4-diaminopyridine (3,4-DAP; Fig. 2a) , a voltagegated K + channel inhibitor that broadens the presynaptic action potential [50] . The broadening of the presynaptic action potential allows more voltage-gated Ca 2+ channels to open, thus increasing Ca 2+ entry into the nerve terminal during each action potential. 3,4-DAP can be used alone or, less commonly, in combination with an acetylcholinesterase inhibitor. Although 3,4-DAP increases neurotransmitter release, there are dose-limiting side effects, such as paresthesia, difficulty sleeping, and, paradoxically, fatigue and deterioration in muscle strength that prevent adequate symptomatic relief for many LEMS patients [47, [51] [52] [53] [54] . The latter two may be due to reported effects on axonal K + channels that limit firing frequencies [55] and/or reduction in activity-dependent facilitation caused by 3,4-DAP [56] . Thus, 3,4-DAP indirectly increases Ca 2+ entry into the nerve terminal, but due to dosedependent limitations used to reduce the risk of serious side effects (3,4-DAP doses <80 mg/day) [47] , 3,4-DAP often does not provide enough symptomatic relief for patients to return to normal activity [51] .
Immunomodulatory Therapy
If patients do not receive enough relief from 3,4-DAP, the next line of treatment usually involves some form of immunomodulatory therapy. Immunosuppressive drugs are usually given, with the combination of prednisolone and azathioprine being the most common. Studies have reported that LEMS patients show significant improvement following the combination treatment of prednisolone and azathioprine [57, 58] . The combined prednisolone and azathioprine treatment strategy received support from a study that compared the effectiveness of the combined prednisolone plus azathioprine treatment versus prednisolone alone in treating myasthenia gravis [59] . In this study, adding azathioprine to the treatment protocol resulted in fewer side effects and a lower number of treatment failures [59] . Additionally, there is evidence that LEMS patients taking high doses of prednisolone alone only experienced a mild to moderate improvement that did not persist following a reduction in dose [60, 61] , lending further support to the use of the combined prednisolone and azathioprine treatment. However, immunosuppressants have generally not been favored, as side effects may be severe and include leukopenia, liver dysfunction, nausea, vomiting, and hair loss [47] .
Two other immunomodulatory treatment options for LEMS include intravenous immunoglobulin (IVIg) and plasma exchange. A randomized, crossover trial has reported significant improvements that last for several weeks in LEMS patients treated with IVIg [62] . Multiple case reports have also supported the potential benefits of using IVIg to treat LEMS [63] [64] [65] . The beneficial effects of IVIg treatment in LEMS patients seem to result from the decline in circulating Ca 2+ channel antibodies [62] , although the exact mechanism by which IVIg reduces antibody titer remains unknown. Plasma exchange is another treatment approach that temporarily reduces Ca 2+ channel antibody titer. Plasma exchange induces a rapid improvement in LEMS symptoms that diminishes after approximately 6 weeks [57] . Other treatment options are available, and more comprehensive discussions of the available therapeutic approaches for LEMS can be found elsewhere [7, 8, 22, 66] .
Ca

2+ Channel Agonists as a Possible Future Treatment Approach
Considering that 3,4-DAP is not completely effective for all LEMS patients due to dose-limiting side effects, the development of alternative symptomatic treatment options that are as effective or even superior to 3,4-DAP would be greatly beneficial to the LEMS patient population. As 3,4-DAP indirectly increases the Ca 2+ influx by prolonging the action potential duration and therefore increasing the number of Ca 2+ channels that open during an action potential, a more direct approach to increase Ca 2+ influx might be beneficial. An obvious target for an alternative treatment approach is the population of remaining presynaptic Ca 2+ channels. An agonist that would increase Ca 2+ influx only through Ca 2+ channels that are already open in response to an action potential depolarization would be optimal. Recently, such a Ca 2+ channel agonist was developed and evaluated for effects on neurotransmitter release in LEMS model mouse NMJs [15, 67] . This Ca 2+ channel agonist, termed GV-58 (Fig. 2a) , was synthesized as a novel analog of (R)-roscovitine, an inhibitor of cyclin-dependent kinases that previously has been shown to have Ca 2+ channel activity [68] . Specifically, (R)-roscovitine increases the mean open time of Ca 2+ channels, thus increasing Ca 2+ influx [69] . Liang et al. (2012) strategically synthesized novel analogs of (R)-roscovitine with the goal of creating a compound with specificity as a Ca 2+ channel agonist. GV-58 was generated as part of this lead optimization and was shown to have a significantly reduced potency as a Cdk antagonist and an increased efficacy and potency as an agonist of P/Q-type (Ca v 2.1) and N-type (Ca v 2.2) Ca 2+ channels [15, 67] . When evaluated in a LEMS passive transfer model mouse NMJ, GV-58 significantly increased neurotransmitter release and also partially restored short-term plasticity characteristics [15] .
As discussed earlier, we hypothesize that there are two low probability steps in the neurotransmitter release process at the mammalian NMJ: the low probability that any one Ca 2+ channel will open during an action potential and the low probability that a vesicle will fuse even when a nearby Ca channel does open. 3,4-DAP increases neurotransmitter release by increasing the probability that any one Ca 2+ channel will open during an action potential, and GV-58 increases neurotransmitter release by increasing the probability that a Fig. 2 The combined application of GV-58 and 3,4-DAP completely restores the magnitude of neurotransmitter release at LEMS model mouse NMJs. a Structure of GV-58 (left, blue) and 3,4-DAP (right, green). b Sample EPP traces from a NMJ of a control serum-treated mouse (quantal content=107.5±3.6; left), from a LEMS model NMJ before (quantal content=26.7±1.4) and after application of 50 μM GV-58 (quantal content=48.4±2.7; middle), and from a LEMS model NMJ before drug application, following application of 1.5 μM 3,4-DAP (quantal content=49.0± 4.4) and following application of 50 μM GV-58 plus 1.5 μM 3,4-DAP (quantal content=105.1± 4.0; right) [70] . a Modified from Tarr et al. [15] . b Modified from Tarr et al. [70] vesicle will fuse when a nearby channel does open (by keeping the channels open longer and increasing Ca 2+ influx). Considering these mechanisms, we hypothesized that 3,4-DAP and GV-58 would have a supra-additive interaction to greatly increase neurotransmitter release at LEMS NMJs. In fact, Tarr et al. (2014) evaluated the combined application of these two compounds in LEMS model mouse NMJs. When given alone, GV-58 increased neurotransmitter release to a similar extent as 3,4-DAP. Strikingly, the combined application of GV-58 and 3,4-DAP acted supra-linearly to completely restore the magnitude of neurotransmitter release to the level of control NMJs (Fig. 2b) , and GV-58 plus 3,4-DAP also elicited a nearly complete restoration of short-term plasticity characteristics in LEMS model NMJs [70] . Therefore, while the use of GV-58 alone might improve muscle contraction to the same extent as 3,4-DAP alone, the combined application of both compounds seems to have the greatest potential to restore muscle contraction to normal levels.
The incomplete restoration of short-term plasticity characteristics at LEMS model mouse NMJs after exposure to a combination of 3,4-DAP and GV-58 suggests that LEMSinduced disruption of the presynaptic active zone structure may have a lingering effect on synaptic function, although the clinical relevance of such a lingering effect is unknown. In the normal mouse NMJ, there is very little, if any, facilitation during short high-frequency trains of action potentials [15, 25, 71, 72] . Conversely, in the LEMS model mouse NMJ, there is a large amount of facilitation throughout the same train of action potentials [15, 25] . The LEMS-induced attack on the presynaptic active zones of the NMJ clearly causes an increase in facilitation, but the potential mechanisms that underlie this increase in facilitation depend in part upon the normal organization of the active zones. This facilitation could result from a simple reduction in the overall influx of Ca 2+ per action potential, which in turn would result from a decrease in the number of Ca 2+ channels around any one vesicle. This situation would suggest that many Ca 2+ channels normally contribute Ca 2+ ions to the release of a single vesicle. If Ca 2+ channelvesicle stoichiometry is closer to one-to-one, then simply reducing the number of Ca 2+ channels would likely not account for the observed increase in facilitation during trains. In this situation, a more likely explanation is a change in the organization of the active zone. This could occur if newly inserted Ca 2+ channels are positioned further away from vesicles (outside the double row of intramembranous particles) [28] or if the LEMS-induced removal of Ca 2+ channels actually disassembles the active zones and completely alters the normal spatial relationship between presynaptic Ca 2+ channels and docked synaptic vesicles. In light of these possible mechanisms, a complete restoration of short-term plasticity characteristics is unlikely, and the best outcome may only be a nearly complete restoration. These lingering effects on short-term synaptic plasticity are likely not as important as the complete restoration of the magnitude of transmitter released that is obtained by the combined use of 3,4-DAP and GV-58.
In summary, the development of a combined use of a Ca 2+ channel agonist (like GV-58) with 3,4-DAP shows promise as a possible alternative treatment option for LEMS. A combined treatment approach may allow the use of lower doses of each compound, thus significantly reducing the likelihood of side effects and increasing functional recovery of the NMJ. Further studies on the specificity of GV-58 will be required. GV-58 has been shown to have no agonist activity on Ca v 1.3 (L-type) channels [15] , but its activity on other Ca 2+ channel subtypes, and on other voltage-gated channels such as Na + and K + channels, has yet to be determined. Nonetheless, GV-58 shows promise as a potential future therapeutic for LEMS patients, especially in combination with the current common treatment 3,4-DAP.
Conclusions
An understanding of the mechanisms that control neurotransmitter release at the NMJ aids in our understanding of neuromuscular function both in healthy and disease conditions. This information is also important in the development of therapeutic approaches that might be helpful in the management of neuromuscular diseases such as LEMS. In particular, the recent development of novel Ca 2+ channel agonists may prove helpful in developing new treatment approaches for LEMS and other neuromuscular disorders. The potential usefulness of these novel Ca 2+ channel agonists for patients will depend of the outcome of further preclinical testing.
